HER2-overexpressing breast cancers account for about 30% of breast cancer occurrences and have been correlated with increased tumor aggressiveness and invasiveness. The nuclear factor-κB (NF-κB) is overexpressed in a subset of HER2-positive breast cancers and its upregulation has been associated with the metastatic potential of HER2-overexpressing tumors. The present study aimed at determining the potential of plumbagin, a naturally occurring naphthoquinone, to inhibit the invasion of HER2-overexpressing breast cancer cells and determine the involvement of NF-κB inhibition in plumbagin-mediated cell invasion suppression. In the present research we showed that plumbagin inhibited the transcriptional activity of NF-κB in HER2-positive breast cancer cells. The suppression of NF-κB activation corresponded with the inhibition of NF-κB p65 phosphorylation and downregulation of NF-κB-regulated matrix metalloproteinase 9 (MMP-9) expression. Plumbagin suppressed the invasion of HER2-overexpressing breast cancer cells and the inhibition of cell invasion was associated with the ability of plumbagin to inhibit NF-κB transcriptional activity. The silencing of NF-κB p65 increased the sensitivity of HER2-overexpressing breast cancer cells to plumbagin-induced cell invasion inhibition. NF-κB inhibition was associated with IκB kinase α (IKKα) activity suppression and inhibition of IκBα phosphorylation and degradation. The knockdown of IKKα resulted in increased sensitivity of HER2-positive cells to plumbagin-induced suppression of NF-κB transcriptional activity and expression of MMP-9. In conclusion, plumbagin inhibits the invasion of HER2-overexpressing breast cancer cells through the inhibition of IKKα-mediated NF-κB activation and downregulation of NF-κB-regulated MMP-9 expression.
Introduction
HER2 is a proto-oncogene which encodes a transmembrane tyrosine kinase. HER2 is frequently overexpressed or amplified in various types of human cancers, including breast cancer. Overexpression of the HER2 protein and/or amplification of the HER2 gene occurs in approximately 30% of breast cancer incidents and is associated with the development of chemoresistance, increased metastatic potential and poor prognosis [1] . Therapeutic strategies used for HER2-overexpressing breast cancers involve targeting the HER2 receptor and include the application monoclonal antibodies (e.g. trastuzumab) and tyrosine kinase inhibitors (e.g. lapatinib). Despite the advances in HER2-targeted therapy, not all patients respond to therapy and the development of therapeutic resistance remains a persistent clinical problem [2] . Recently, nuclear factor-κB (NF-κB) upregulation has been correlated with the increased invasive potential of HER2-overexpressing breast cancer cells. NF-κB is overexpressed in a subset of HER2-positive breast cancers and regulates the expression of target genes involved in migration and invasion of cancer cells [3] . The inhibition of NF-κB activity has been shown to increase the efficacy of HER2-overexpressing breast cancer treatment [4] and abrogate breast cancer metastasis in vivo [5] . Thus the search for effective agents that target NF-κB in HER2-overexpresing breast cancer cells is warranted in order to achieve long-term inhibition of HER2-overexpressing tumors.
Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) is a naphthoquinone constituent of plants of the genus Drosera and Plumbago [6] , [7] . Due to its high antiproliferative activity towards various cancer cell lines and anti-cancer activity displayed in vivo, plumbagin is gaining increasing interest [8] - [9] . In particular, research has pointed to the promising potential of plumbagin in breast cancer therapy [10] - [11] . In vivo studies have shown that plumbagin reduces tumor growth by 70% in MDA-MB-231 mouse tumor xenografts without toxic sideeffects [12] . The ability of plumbagin to inhibit migration and invasion of breast cancer cells has been demonstrated in in vitro and in vivo studies. These studies have mainly examined the influence of plumbagin towards triple negative breast cancer cells and have linked plumbaginmediated inhibition of breast cancer cell migration and invasion with STAT3 signaling inhibition [13] and CXCR4 expression downregulation [12] . The promoter of the CXCR4 chemokine receptor contains several NF-κB binding sites and plumbagin was found to inhibit the binding of NF-κB to this region. Furthermore, the ability of plumbagin to inhibit the expression of osteoclast-activating factors in triple negative breast cancer cells was linked with its ability to inhibit NF-κB activity. These findings prompted us to verify the role of NF-κB inhibition in plumbagin-mediated suppression of HER2-positive breast cancer cell invasion. Our recent research revealed high anti-proliferative and pro-apoptotic activity of plumbagin towards HER2-overexpressing breast cancer cells [14] , therefore our present research focuses on determining the ability of plumbagin to inhibit HER2-positive breast cancer cell invasion and defining the mechanism of plumbagin-mediated cell invasion inhibition.
cells (5 x10
4 cells per well) were seeded in serum-free medium in the upper chambers and pretreated with plumbagin for 6 h (0-5 μM). Transwell inserts were placed in wells of a 24-well plate with medium supplemented with 10% FBS added to the lower chamber as an attractant. After 24 h of incubation at 37°C the cells on the upper surface of the insert were removed and cells on the lower surface were fixed with 4% formaldehyde and stained with crystal violet (1%). Random fields were photographed and counted under a microscope.
Western Blot Analysis
BT474 and SKBR3 cells were treated with plumbagin with the indicated concentrations and for the indicated time periods, after which cells were collected and lysed with the RIPA lysis buffer system (Santa Cruz, Heidelberg, Germany) for 30 min on ice. Lysates were centrifuged and supernatants were collected. Equal amounts of protein were resolved by SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked with PBS buffer containing 5% non-fat dry milk for 1 h, then incubated overnight at 4°C with specific primary antibodies: anti-β-actin (1:1000) (Cell Signaling, Germany), anti-MMP-9 (1:200) (Santa Cruz, Heidelberg, Germany), anti-IKKα, anti-IKKα, anti-IκBα, anti-NF-κB (p65) (1:500) (Santa Cruz, Heidelberg, Germany), phospho-specific anti-NF-κB p65 (Ser536), (Cell Signaling, Germany), phospho-specific anti-IKKα (Ser176/180) (R&D Systems, USA). Membranes were next incubated with HRP-conjugated secondary antibodies (1:2000) (Cell Signaling Technology, Germany) at room temperature for 1 h. Proteins were visualized by chemiluminescence (ChemiDoc, BioRad) with a HRP substrate (Pierce).
NF-κB Activation Assay
The activation of NF-κB was determined with the use of the Ready-To-Glow TM NF-κB Secreted Luciferase Reporter System (Clonetech). SKBR3 and BT474 cells were transiently transfected with pNFkB-MetLuc2-Reporter Vector and the provided control vector according to the manufacturer's instructions. 24 h post transfection cells were treated with plumbagin (0-2.5 μM) for 6 h after which luciferase activity was measured.
NF-κB p65, IKKα and IKKβ Knockdown NF-κB p65 was silenced in BT474 and SKBR3 cells using NF-κB p65 siRNA (Santa Cruz, Heidelberg,Germany). IKKα or IKKβ was silenced in BT474 and SKBR3 cells using IKK siRNA (Santa Cruz, Heidelberg, Germany). Non-targeted siRNA (Santa Cruz, Heidelberg, Germany) was used a control. BT474 and SKBR3 cells were transiently transfected with NF-κB p65 siRNA or scrambled siRNA according to the manufacturer's instructions and 24 h post-transfection, cells were either collected for Western blot analysis or treated with plumbagin.
Statistical analysis
Data are expressed as mean ± standard deviation of at least independent experiments. Differences between control and plumbagin-treated samples were analyzed by one-way ANOVA with Tukey's post-hoc tests. Significant differences were established at p <0.05.
Results

Inhibition of NF-κB activity by plumbagin
The ability of plumbagin to inhibit NF-κB transcriptional activity was examined in HER2-overexpressing breast cancer cell lines with the use of a NF-κB-driven luciferase reporter assay. BT474 and SKBR3 cells were transiently transfected with a vector construct containing the NF-κB response element driving the expression of sequence-optimized secreted Metridia luciferase. 24 h after transfection, cells were treated with plumbagin for 6 h, after which luciferase activity was measured. As shown in Fig 1A, plumbagin significantly reduced luciferase activity in BT474 and SKBR3 cells in a concentration-dependent manner, indicating the ability of plumbagin to inhibit NF-κB transcriptional activity in HER2-overxpressing cells. To further confirm the inhibition of NF-κB transcriptional activity by plumbagin, the influence of plumbagin on the phosphorylation of the p65 subunit of NF-κB in HER2-overexpressing cells was examined. Phosphorylation of p65 at serine 536, a marker of increased transcriptional activity, was evaluated in BT474 and SKBR3 cells. Cells were treated with plumbagin in the concentration range of (0-2.5 μM) for 24 h and protein levels were determined with Western blot analysis. A decrease in NF-κB p65 phosphorylation was observed upon plumbagin treatment in BT474 and SKBR3 cells, whereas no changes in total NF-κB p65 levels were observed ( Fig 1B) .
Inhibition of breast cancer cell invasion by plumbagin through NF-κB inhibition
The ability of plumbagin to inhibit the invasion of HER2-overexpressing breast cancer cells was evaluated with the use of the Boyden chamber assay. BT474 and SKBR3 cells were pretreated with plumbagin for 6 h in the concentration range of 0-5 μM. After a 24h incubation, staining of cells revealed significant inhibition of HER2-positive cell invasion. At the concentration of 1 μM, a 25% and 20% reduction in cell invasion was observed in BT474 and SKBR3 cells, respectively (Fig 2A) . Since the induction of cell invasion has been correlated with the expression of NF-κB-regulated gene products such as matrix metalloproteinase 9 (MMP-9), the influence of plumbagin on the expression of MMP-9 was evaluated. SKBR3 and BT474 cells were treated with increasing concentrations of plumbagin and Western blot analysis was performed. The results showed a concentration-dependent decrease in the levels of MMP-9 upon plumbagin treatment in HER2-postive cells (Fig 2B) .
To further determine the role of NF-κB inhibition by plumbagin in HER2-positive cell invasion suppression, NF-κB p65 expression was transiently silenced with siRNA and the inhibition of cell invasion by plumbagin was evaluated. SKBR3 and BT474 cells were transfected with p65 siRNA and control, scrambled siRNA. 24 hours after transfection p65 silencing was confirmed by determining the levels of p65 in transfected BT474 and SKBR3 cells with Western blot analysis. A significant reduction in p65 levels was observed in cells transfected with p65 siRNA in comparison with cells transfected with control siRNA (Fig 3A) . The role of NF-κB p65 in plumbagin-mediated cell invasion inhibition was determined in cells with reduced p65 expression. 24 h after transfection BT474 and SKBR3 cells were treated with plumbagin (1 μM) and the invasive potential of cells was analyzed. The silencing of p65 in HER2 positive cells increased the sensitivity of cells towards plumbagin (Fig 3B) . The percentage of cells with invasive properties reduced significantly in cells with p65 knockdown in comparison with control cells, indicating the involvement of NF-κB inhibition in plumbagin-mediated invasion inhibition of HER2 positive cells (Fig 3B) .
Inhibition of IKKα-mediated NF-κB activation by plumbagin
It has been shown that NF-κB is induced in HER2-positive breast cancer cells predominantly through the activation of the canonical pathway involving IκB kinase α (IKKα). To determine the role of IKKα in plumbagin-mediated NF-κB inhibition, the levels of IKKα and phosphorylated IKKα in plumbagin-treated HER2-postive cells were analyzed. Western blot analysis revealed a substantial decrease in the levels of phosphorylated IKKα in BT474 and SKBR3 cells. The activation of IKKα leads to IκBα phosphorylation and degradation which is essential for the release of NF-κB and its activation. To determine the influence of plumbagin on IκBα, the levels of IκBα and were determined by Western blot analysis in plumbagin-treated SKBR3 and BT474 cells. Stabilization of IκBα was observed upon treatment of BT474 and SKBR3 cells with plumbagin (Fig 4) . These results point to the involvement IKKα suppression in The invasion of BT474 and SKBR3 cells was examined with a Boyden chamber assay. Cells were pre-treated with plumbagin (0-5 μM) for 6 h and after a 24 h incubation inserts were assessed for cell invasion. Scale bars correspond to 100 μm (B) Influence of plumbagin on expression levels of MMP-9. BT474 and SKBR3 cells were treated with plumbagin (0-5 μM) and protein levels were determined with Western blot analysis using the specific antibodies. Values represent mean ± SD of three independent experiments. p < 0.05 (*) indicates differences between control and plumbagin-treated cells.
plumbagin-induced NF-κB inhibition in HER-overexpressing breast cancer cells. To determine the role of IKKα in plumbagin-mediated NF-κB inhibition, IKKα expression was transiently silenced in BT474 and SKBR3 cells and NF-κB transcriptional activity was determined. Cells were transfected with IKKα or IKKβ siRNA and 24 h-post transfection IKKα silencing was confirmed with Western blot analysis. As shown in Fig 5A, Plumbagin Inhibits NF-κB in HER2+ Breast Cancer Cells the reporter activity of NF-κB was evaluated. Silencing of IKKα led to a more significant decrease in NF-κB reporter activity in comparison with IKKβ silencing. Moreover, BT474 and SKBR3 cells with IKKα knockdown showed a significantly higher reduction in plumbaginmediated NF-κB reporter activity inhibition than cells with IKKβ knockdown cells (Fig 5B) , indicating the involvement of IKKα in plumbagin-mediated NF-κB inhibition in HER2-positive cells. Furthermore, the role of IKKα and IKKβ in plumbagin-mediated MMP-9 expression inhibition was evaluated. BT474 and SKBR3 cells with reduced IKKα and IKKβ expression were treated with plumbagin (1 μM) for 24 h and the expression levels of MMP-9 were examined. Western blot analysis revealed lower MMP-9 expression in HER2-overexpressing cells with IKKα knockdown in comparison with IKKβ knockdown cells. The treatment of cells with plumbagin reduced to a greater extent levels of MMP-9 in IKKα knockdown cells than in IKKβ knockdown cells (Fig 5C) . These results indicate the involvement of the IKKα-mediated pathway in the inhibition of NF-κB regulated MMP-9 expression by plumbagin.
Discussion
NF-κB is a dimeric complex of members of the Rel protein family. The most abundant NF-κB heterodimer, p65/p50, in its inactive state is sequestered in the cytoplasm with the inhibitor of NF-κB (IκB) proteins. Upon IκB phosphorylation and degradation, NF-κB is released and can enter the nucleus and bind to specific DNA sequences to induce the transcription of genes associated with cell survival and tumor promotion. The IκB kinase (IKK) complex has been associated with the activation of NF-κB. IKK contains two catalytic subunits IKKα and IKKβ and is activated via phosphorylation of either IKKα or IKKβ. Activation of NF-κB through the canonical pathway involves phosphorylation of IκBα by IKKβ, which leads to its degradation and release of NF-κB. NF-κB activation can also occur through the non-canonical pathway, involving IKKα and is IκBα-independent [16] .
NF-κB is upregulated in many HER2-positive breast cancers. The overexpression of HER2 has been reported to activate NF-κB and induce the expression NF-κB-regulated genes [17] , [18] . Herceptin treatment or transfection with mutant IκB suppressed NF-κB activation and reduced the expression of NF-κB-controlled gene products [18] . Interestingly, the upregulation of NF-κB has conversely been shown to activate HER2 expression through the binding of NF-κB to its DNA binding sequence located within the promoter region of HER2, indicating a positive feedback loop between HER2 and NF-κB [19] . The HER2-NF-κB-HER2 loop has been detected upon the induction of NF-κB activity by anti-cancer therapy, such as radiation therapy, and has been suggested to confer adaptive resistance [20] . The PI3K/Akt pathway which lies downstream of the HER2 receptor has been implicated in NF-κB activation. [18] , [21] , [22] . The overexpression of HER2 was shown to constitutively induce PI3K-and Akt kinase activities and upregulate NF-κB. Inhibition of PI3 kinase with the PI3K inhibitor wortmannin or ectopic expression of an inactive kinase variant reduced NF-κB activity. Furthermore, induction or repression of Akt kinase activity increased or decreased NF-κB activity, respectively [22] . In another study Akt inhibition suppressed IκB phosphorylation and NF-κB activation and sensitized HER2-positive cells to apoptosis induction [21] . Studies have shown the involvement of both an IKK-dependent and IKK-independent mechanism in PI3K/Akt-mediated NF-κB upregulation [23] . Pianetti et al. [22] reported that HER2-mediated activation of NF-κB via PI3K/Akt signaling is IKK-independent. NF-κB activation was found to be mediated through a non-IKK/proteasome pathway involving calpain-induced IκBα degradation. Conversely, Zhou et al. [21] reported an IKK-dependent mechanism of NF-κB activation that required Akt kinase activity. Dan et [24] reported IKK-induced NF-κB activity through a mechanism involving the mTOR-associated protein Raptor. Raptor was demonstrated to induce IKK activity in a Akt-dependent manner which was suppressed with the use of a mTOR inhibitor, rapamycin [24] . The involvement of IKK in HER2-mediated NF-κB upregulation was also shown by Merkhofer et al. [3] . The mechanism of NF-κB activation was PI3K-independent as inhibition of PI3 kinase with the PI3K inhibitor LY294002 had no effect on NF-κB activity.
The results of our study showed that plumbagin inhibits NF-κB activity in HER2-overexpressing cells through the canonical pathway involving IκB kinase α (IKKα) downregulation. The treatment of BT474 and SKBR3 cells with plumbagin led to a decrease in the levels of phosphorylated IKKα and stabilization of the inhibitor of NF-κB-IκBα. Furthermore, the transcriptional activity of NF-κB was inhibited by plumbagin and a decrease in the levels of phosphorylated p65 were observed. The studies of Merkhofer et al. [3] showed that NF-κB activation in HER2-positive cells is associated with IKKα pathway activation. The knockdown of IKKα had a stronger effect on the inhibition of NF-κB phosphorylation and NF-κB activation in HER2-positive cells than IKKβ knockdown [3] . Similarly, our studies showed that IKKα knockdown cells were more susceptible to plumbagin-mediated NF-κB inhibition than HER2--positive cells with IKKβ knockdown.
HER2-overexpressing breast cancer cells display increased aggressiveness and invasive potential [25] . The induction of the invasive potential of breast cancer cells and malignant phenotype maintenance has been linked with NF-κB upregulation. The inhibition of NF-κB has been shown to prevent the formation of the invasive phenotype of breast cancer cells in vitro and abrogate breast cancer metastasis in vivo [5] . The results of our research showed that plumbagin inhibited the expression of the NF-κB target gene, matrix metalloproteinase 9 (MMP-9), a type IV collagenase that promotes tumor invasiveness and metastasis [26] . Research has shown that the IKKα-induced NF-κB pathway plays a predominantly greater role in inducing the invasive phenotype in HER2-overexpressing breast cancer cells than the IKKβ pathway. The knockdown of IKKα has been shown to significantly block the expression of NF-κB-regulated cytokine and chemokine gene expression in HER2-positive cells in comparison with IKKβ knockdown. In agreement with these findings our research showed that the knockdown of IKKα reduced the levels of MMP-9 in HER2-positive cells to a greater extent than IKKβ knockdown. Moreover, HER2-positive cells with IKKα knockdown were more sensitive to plumbagin-mediated MMP-9 inhibition. Apart from the role of IKKα in tumor cell invasion, IKKα plays an important part in HER2-driven tumor formation. In a study conducted by Cao et al. [27] the knockdown of IKKα reduced HER2 positive tumor formation in mice through downregulating cyclin D1 expression and reducing the proliferation potential of cancer cells. Moreover, IKKα knockdown diminished the self-renewal capacity of tumor-initiating cells, thus indicating that IKKα plays an important role in HER2-mediated oncogenesis [27] .
Research has pointed to the ability of plumbagin to inhibit NF-κB activity in various cancer cell lines [23] [24] [25] [26] [29], including breast cancer cells. Plumbagin was found to inhibit NF-κB activity in ER-positive MCF-7 and triple negative MDA-MB-231 cells [30] . Furthermore, plumbagin has been shown to suppress the migration and invasion various types of cancer cells, including liver [31] , lung [32] , gastric [33] prostate [8] and glioma cells [34] . The ability of plumbagin to inhibit cell migration and invasion has also been demonstrated in breast cancer cells, mainly triple negative MDA-MB-231 breast cancer cells. Plumbagin inhibited the migration and invasion of MDA-MB-231SArfp cells, breast cancer cells derived from breast cancer bone metastatic sites, exhibiting bone metastases properties [13] . Sung et al. [35] showed that osteolytic bone metastasis suppression in triple negative MDA-MB-231 mouse xenografts by plumbagin is accompanied by preservation of cancellous/trabecular bone volume [35] . Furthermore, the results of Sung et al. [35] reported that plumbagin inhibits breast cancer-induced metastasis through the suppression of RANKL-mediated NF-κB activation. Li et al. [36] reported that plumbagin inhibits the expression of osteoclast-activating factors by suppressing NF-κB activity in triple negative breast cancer cells. The studies of Manu et al. [10] showed that plumbagin inhibited cell migration and invasion of MDA-MB-231 cells by downregulating the expression of the chemokine receptor CXCR4. Plumbagin-mediated downregulation of CXCR4 correlated with its ability to inhibit the migration and invasion of MDA-MB-231 cells as shown by blocking CXCL-12-induced migration and invasion [10] . Furthermore, plumbagin suppressed NF-κB activation in MDA-MB-231 cells and inhibited NF-κB binding to the CXCR4 promoter. Since HER2 has been reported to induce the expression of CXCR4, the authors examined the influence of plumbagin on CXCR4 expression in HER2-positive cells and showed a reduction in the expression of CXCR4 in BT474 cells upon plumbagin treatment.
Our research confirmed that plumbagin suppresses the invasion of HER2-positive breast cancer cells through the inhibition of NF-κB. Our previous study showed that plumbagin induces apoptosis in HER2-overexpressing breast cancer cells through the upregulation of proapoptotic Bcl-2 family proteins [14] . The inhibition of cell invasion by plumbagin demonstrated in the present study is not associated with the cell death-inducing properties of plumbagin. The treatment of HER2-overexpressing breast cancer cells with 1 μM plumbagin led to significant inhibition of cell invasion, whereas at this concentration cell growth inhibition was not observed. Our previous research also showed that plumbagin-mediated cell death induction is associated with the downregulation of the NF-κB-regulated pro-apoptotic Bcl-2 protein [14] . This confirms our present findings regarding the ability of plumbagin to downregulate NF-κB-induced gene products. Previous studies have also shown the ability of plumbagin to inhibit the expression of NF-κB-regulated antiapoptotitic, proliferative and angiogenic gene products [37] , [38] , [33] . Plumbagin-mediated down-regulation of NF-κB-controlled gene products involved in cell invasion, such as MMP-2, MMP-9 and u-PA, has been demonstrated in various types of cancer cells, including triple negative breast cancer, prostate, lung and liver [13] , [28] , [31] , [32] . The present research demonstrates the involvement of IKKα in NF-κB-mediated MMP-9 downregulation by plumbagin. Previous studies have pointed to the ability of plumbagin to inhibit the DNA binding activity of NF-κB [37] , [38] , thus an IKKα-independent mechanism of NF-κB inhibition by plumbagin in HER2-positive breast cancer cells cannot be ruled out. The inhibition of NF-κB binding to DNA by plumbagin was suggested to be through the modification of the NF-κB protein. The targeting of a cysteine residue in the p65 subunit of NF-κB was suggested since the effects of plumbagin were reversed by using a reducing agent. Furthermore, plumbagin failed to inhibit the DNA binding activity of NF-κB when a Cys-38 residue of p65 was replaced by serine [37] . Since the Cys-38 residue of the p65 subunit of NF-κB has been identified as crucial for DNA binding [39] , Cys-38 modification by plumbagin could contribute to NF-κB inhibition in HER2-postive breast cancer cells. These findings are consistent with our observation that plumbagin suppresses p65-induced NF-κB reporter activity.
The correlation between NF-κB activation and HER2-mediated cell invasion points to the promising potential of plumbagin in HER2-overexpressing breast cancer treatment. This is the first report on the effects of plumbagin on NF-κB inhibition in HER2-overexpressing breast cancer cells. The inhibition of HER2-positive cell invasion was found to be mediated by plumbagin through NF-κB p65 inhibition and downregulation of NF-κB-regulated MMP-9. Moreover, plumbagin was showed to suppress IKKα-mediated NF-κB activation, which plays an important role in HER2-driven tumor formation. Thus our results provide an important basis for further research toward understanding the role of plumbagin in the potential treatment of HER2-overexpressing breast cancer.
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